The indicator domestic material consumption (domestic extraction + importsexports) is widely used to track the scale, composition, and dynamics of material use. As production increasingly occurs at a spatial distance from the demand it ultimately satisfies, new accounting challenges arise that this indicator may not be able to meet. In response, indicators in raw material equivalents (RME) have been developed to account for material use, no matter where it occurs, associated with final demand. RME indicators are most commonly calculated based on monetary input-output tables with material extensions. The resulting indicators, which are rapidly gaining scientific and political importance, must be interpreted as stemming from a mixed monetary and physical accounting approach. How such an approach differs from a physical accounting approach is shown in this article using an input-output model with a material extension. Neither the physical nor the mixed monetary and physical approach is found to generate results which are incorrect. Instead, the results must be interpreted in light of the assumptions entailed in the approach on which they are based. In making possibilities and limits of interpretation in both cases transparent, RME indicators can more readily be discussed and used by sustainability scientists and practitioners.
The Challenge of Measuring Progress towards Sustainability in a Globalized Economy
As a political goal, sustainability is commonly operationalized by means of targets, identified based on perceived thresholds of sustainability and by indicators reflecting the progress towards these targets [1] . The research in industrial and social ecology has advanced the indicator of domestic material consumption (DMC = domestic extraction + imports − exports) to track the scale, composition, and dynamics of material use. Material use is related to many of the most pressing sustainability challenges including anthropogenic climate change (through the use of fossil energy carriers and the extraction of biomass), biodiversity and livelihood loss (through the expansion of resource use frontiers), and groundwater pollution (through mining of metals). A challenge for material flow accounting in particular and environmental accounting in general is presented by the rising volume of international trade and the global fragmentation of supply and use chains [2, 3] . The DMC indicator reflects so-called apparent consumption and allocates materials used in the production of traded goods and services to the country where production occurs. Exported goods are accounted for in the material use of the importing country with their mass upon crossing the administrative boundary [4] . The increasingly common spatial disconnect between production and consumption creates the need for robust information on the amount and composition of upstream material requirements (and the associated environmental impacts) associated with a given level of final demand, no matter where they occur. The raw material consumption (RMC) indicator (also referred to as material footprint) currently under development is designed to provide this information. It expresses material consumption in its raw material equivalents (RME), i.e., it considers trade flows including the upstream material requirements that were associated with their production. RMC is equal to domestic extraction plus the RME of imports minus the RME of exports. The RMC indicator allocates material use that occurs in the production of traded goods and services to the material use of the country that ultimately imports these goods to meet final demand.
In order to calculate upstream material requirements associated with traded goods, it is necessary to open the "black box" as which material flow accounting commonly treats the socioeconomic system. Not only inputs into and outputs from but also patterns of transformation within the system must be considered. Material flow accounting currently does not consider which economic sectors supply or use materials. Instead, it collects and reports data on 45 types of extracted material, of which biomass, fossil energy carriers, metals and non-metallic minerals are the main four [4] . In the most common approach to calculating RMC, monetary input-output tables (MIOTs) are used to provide the required information on the structure of an economy. The material use that occurs directly and indirectly for the production of traded goods and services is determined by extending this monetary input-output framework with data on material inputs in physical units. Because the material flow data is not available in sectoral resolution, assumptions as to the allocation of material flows to economic sectors must be made in constructing the environmental extension. This method, referred to as environmentally extended input-output analysis (EEIOA) and essentially based on Leontief's framework [5, 6] , is constantly advanced and applied to RMC or material footprints [7] [8] [9] as well as to other RMC-type indicators on energy [10, 11] , carbon and greenhouse gas emissions [12] [13] [14] , land (reviewed in [15] and [16] ), the Ecological Footprint [17, 18] , water (reviewed in [19] ), changes in biodiversity [20] , and labor requirements [21, 22] and inequality [23] associated with traded goods and services.
In combining physical and monetary accounting, the EEIOA approach faces constraints related to this integration of different types of data: (i) Physical and monetary accounting apply system boundaries which do not perfectly overlap (see Section 2) and (ii) the level of aggregation at which the monetary input-output data are reported entails economically and physically inhomogeneous flows being grouped together. As will be discussed and illustrated in this article, decisions must be and are commonly made in addressing these constraints in the calculation of RMC. These decisions have an impact on results and must be considered in interpreting the EEIOA-based indicators. RME indicators calculated via MIOTs with material extensions must not be interpreted as though they had been calculated via physical input-output tables (PIOTs). In this article, the differences between a physical and a monetary accounting system are demonstrated using a PIOT and a MIOT of a small hypothetical economy. Different variations of RME calculation are performed based on assumptions commonly made in EEIOA. These assumptions were formulated based on a review of the relevant literature, which is summarized in the following two sub-sections of this article. The interpretability of the RMC indicator on which this article focuses is especially relevant in the face of the policy interest this indicator has already sparked: Analyses of global resource use induced by final demand are increasingly required, as is exemplified by the call to account for "the EU's global consumption" in the European Union's Roadmap to a Resource Efficient Europe [24] and by the consensus recently reached in the European Commission in identifying "GDP relative to Raw Material Consumption (RMC) […] as the most suitable indicator for a possible resource efficiency target" [25] .
How the Use of a Method Entails ex ante Assumptions about Responsibility
With DMC and RMC, two material use indicators are available which allocate material use to socio-economic systems in an inherently distinct manner. DMC is defined as the sum of all material extracted and used by a socioeconomic system (domestic extraction) plus its physical imports minus its exports. Domestic extraction is defined as the material flow that crosses the boundary between the environment and the socioeconomic system and is used by humans, their livestock, or artifacts (also see [4] ). Trade (imports and exports) is accounted for as the mass of the material flows that cross the boundary between two socioeconomic systems (most commonly two countries). The DMC indicator provides a measure of the net use of material within a country in a given year. It can additionally serve as an indicator of domestic waste potential [26] : All material used eventually turns into waste, almost immediately in the case of through-flow materials such as agricultural biomass or fossil fuels or with a considerable time lag in the case of materials integrated into stocks or durable consumer products. In its specific allocation of material flows to countries, the DMC indicator implicitly assigns responsibility: Countries are responsible for the material use occurring on their territory but they are neither responsible for the impacts their exported products may have elsewhere nor for the impact associated with the production of goods they import. Countries can reduce their DMC and thus improve their environmental performance as it is reflected by this indicator by importing comparatively "light" (i.e., highly processed) goods and exporting "heavy" goods such as raw materials or primary commodities [27] . The DMC indicator cannot reflect how much of the production and associated material use within one country is dedicated to the production of goods for export. Chile, for example, extracts very large amounts of copper ore out of which it exports comparatively small quantities of concentrated copper, leading to a very high value for the DMC indicator, which, in contrast to that of other countries, is not directly driven by domestic consumption [28] .
With the RMC indicator, the "Chilean problem" is solved by using monetary data on the structure of production and consumption contained in MIOTs in order to determine how much of the material extracted domestically is used for the production of goods for export. RMC allocates to any one country all material extraction, no matter where it occurs globally, which is directly and indirectly required to meet its final demand. For example, in the RMC, the waste rock extracted alongside the metal, which adds to Chile's DMC, would be allocated to those countries where final consumption of Chilean copper exports (and of all products containing this copper) occurs. In this way, material use as measured by RMC is a reflection of the purpose for which material is extracted (i.e., for domestic or for foreign final demand).
While the DMC assigns responsibility for the material use that occurs during production almost exclusively to the producer (or producing country), the RMC shifts the burden to the consumer (or consuming country). Making their argument for CO2 emissions that occur in production, Jakob and Marschinski [29] have pointed out that either form of allocation (to the producer or to the consumer) could be contested. The conclusions these authors draw on emissions can also be applied to material use. Production for export not only entails the environmental burden associated with final demand elsewhere (which the RMC indicator aims to capture) but also socioeconomic benefits. Responsibility for the associated material use might most appropriately be shared between the producer and the consumer. In the past, some comparative assessments of producer and consumer responsibility have been conducted [14, 30] that have discussed the possibilities of allocating responsibility by (economic) benefits (such as value added) or by (ecological) benefits (such as avoided pollution or obtained resources) [31] . However, even if the decision is made to allow producers and consumers to share responsibility, different options exist as to how this would be expressed mathematically [29, [32] [33] [34] and such an approach has therefore not yet been widely applied to the DMC or the RMC indicator.
As RMC-type indicators were being developed, one of the hopes was that they would be able to reflect "outsourcing" of resource-intensive production steps by which countries might improve their own sustainability record while not actually curbing their impact on global sustainability. The RMC indicator cannot directly prove or disprove this hypothesis. If countries are able to specifically relocate resource-intensive production steps to other countries, the latter countries must have, to some degree, specialized in resource-intensive production for export.
The data currently available for the EEIOA approach do not allow for the distinction of production for exports from production for domestic final demand [29] . EEIOA precision could therefore be improved by the use of more highly disaggregated sectoral data, the generation of which, if possible given existing data constraints, entails a major additional effort [35] [36] [37] . Given the limitations in the available data, it must commonly be assumed that each sector uses the same production technology in outputs to domestic and foreign final demand. For example, if a country were to devote its high-yielding agricultural areas to production of maize for export and simultaneously produce maize in lower yielding production systems for domestic demand, common practice in the EEIOA approach, given data availability, is to assume the same production structures for both [15] .
The Role of Assumptions in the EEIOA Approach under Data Constraints
As the EEIOA approach is further developed and more widely applied, comparisons have revealed differences in results [15, [38] [39] [40] and given rise to the need to understand where these differences stem from. This sub-section provides an overview of the scientific appraisals of assumptions made in the EEIOA approach and how these relate to the aforementioned data constraints. Important themes in current research with regard to the RMC indicator are the allocation of material flows to economic sectors in the construction of the environmental extension and the assumption of product homogeneity, both of which are closely related to the level of sectoral aggregation. Improving the validity of the assumption of price homogeneity and the treatment of capital investments are further topics currently being dealt with in EEIOA applications.
The material flow data is introduced into EEIOA models as an extension. Since material flow data (like many other types of data in the environmental accounts) are not compiled by sectors but by material categories, a material extension is not readily available but must be compiled by the researchers creating the EEIOA model. Even though energy and CO2 emissions data are more frequently compiled by economic activities, decisions on the allocation of environmental factors to the sectors as they are reported in the input-output tables have to be made for these environmental extensions as well [41] . How to allocate material flows to economic sectors is not always straight-forward: Sand, for example, is used for various industrial purposes, fossil energy carriers are used by almost all sectors, and grazed biomass is used in both meat and dairy production. The more detailed both the monetary and the material data are, the more unambiguous the allocation of environmental factors to sectors usually is. Given the high level of sectoral aggregation in most existing MIOTs, the choices in the construction of the material extension affect how material flows are distributed through the economic system and thus impact the RMC results.
Once allocated in the environmental extension, physical flows are distributed through the economy and to final demand as though they would flow proportionally to monetary flows. For energy and emissions, it has been shown that this assumed proportionality could lead to uncertainties in the results on the order of 10%-50% [42] . Hubacek and Giljum [43] argued that for the analysis of upstream land requirements associated with the production of traded goods, results based on physical accounts are more appropriate since material flows are a better proxy for land requirements than monetary flows. Under which conditions monetary relations can be used to distribute physical flows and what the consequences of this choice in method could be are issues that have since been raised by other scholars [17, 44] .
In theory, MIOTs should be equivalent to PIOTs based on a transformation via prices-this was illustrated by Leontief in his exposition of the fundamental calculations on which EEIOA is still based today [5, 6] . The reason for differences in results yielded by calculations based on monetary and physical input-output tables that persisted in practice [45, 46] was found to lie in violations of the assumptions of homogenous products and prices that would have to be fulfilled in order for an MIOT-based EEIOA approach to yield the same results as a PIOT-based approach [38] . The assumption of homogenous products is that each economic activity delivers one homogenous product to the other activities and to final demand. The assumption of homogenous products has a greater tendency to be true the more highly disaggregated the input-output tables are. In practice, economic sectors at the level of detail at which they are included in MIOTs produce more than one type of output. The violation of the product homogeneity assumption is therefore closely related to the level of sectoral and spatial aggregation that is known to lead to substantial differences in results for EEIOA models [47] [48] [49] , an issue most widely explored for carbon footprints [48, 50, 51] . While disaggregated data may improve the validity of the homogeneity assumption, they cannot solve the problem entirely: In reality, different types of co-production will commonly exist. In developing an approach to calculating the RME of Europe's trade, Schoer and colleagues [7] have pointed out the lack of detail that results from the high aggregation of primary and secondary sectors in many countries' input-output tables.
The allocation of material use to economic sectors raises issues that have been the subject of a long-standing debate on the allocation of environmental burdens to products and processes in the life cycle assessment (LCA) community [52] : Where one production process yields more than one product, environmental burdens may either be allocated to the dominant product (characteristic production in input-output terminology) (see [53] ) or to all of the co-products according to their share in monetary value of production (e.g., [54] ) or according to their share in the total mass, energy, or exergy content of production. Although seldom feasible due to data constraints, it has also been suggested that multi-product production processes could be broken down into single-product processes [55, 56] , conceptually comparable to the development towards greater sectoral detail in input-output applications [8, 47, 57] . The LCA community has further debated the possibility of expanding the system boundaries of analysis by allocating to each product of a multi-product process that environmental burden that would occur in the corresponding single-product process [55, 58] . In light of this allocation challenge being shared by LCA and EEIOA applications, an effort is currently being made to learn from the possibilities and limits in both approaches in order to identify best-practice examples [59] .
The assumption of homogenous prices is that products have the same price throughout the economic system, i.e., whether they are bought by primary, secondary, or tertiary sectors or delivered to final demand. In early energy analyses, it was already noted that energy is not sold at the same price to all users, making it preferable to use data in physical units, i.e., in Joules [60] . As a result of price inhomogeneity, prices, assumed to be a vector with one entry per activity, can more realistically be represented as a matrix with one entry for the output of each activity to each other activity [61] . The differences in price of equivalent products impact the estimation of the associated RME. Whether a loaf of bread costs 1 Euro or 5 Euros, the amount of crops required in the production of each will be roughly the same and not differ by the factor 5 [38] . This distinction may be especially relevant in calculating the RMC of those economies that account for money spent in the country by tourists as exports, such as China [62] : If tourists were to, on average, pay more for the same commodities than locals (e.g., by eating in more expensive restaurants), a relative increase in the RME of exports would result.
Most recently, Merciai and Heijungs [63] showed that when prices differ per purchaser and the homogenous price assumption is violated, the calculated demand in physical units may be unequal to the calculated supply, causing a violation of the mass balance of the environmentally extended input-output model. In moving towards a solution to this problem, accounts focusing on household consumption commonly use mixed prices, allowing households to pay other prices than industry does [64, 65] .
Capital investments have long been identified as an area in which currently applied assumptions impact the results of EEIOA. In MIOTs, investment is currently treated as a category of final demand [66] . However, capital, such as buildings, infrastructure, or machines, also constitutes an input into production both in the monetary sense and in terms of the physical capital stocks that are used and worn down during production. National capital accounts can be used to close the IO model for investments and capital depreciation as part of the intermediate use of sectors [67] [68] [69] . When investments are endogenized in such a manner, the results for RMC-type indicators differ significantly from those of accounts in which investments are treated as final demand, especially for services [7, 70] .
This also becomes important when comparing RME indicators of different countries: Mature industrial economies use large infrastructure and building stocks accumulated over the past decades, while emerging economies are currently just expanding them [71, 72] . For example, in-use stocks of steel in mature industrial economies are up to 5-10 times larger than in emerging and developing economies [73] . An economy currently building up or growing its infrastructure may have much higher material inputs, especially of construction minerals (which would be included in the material extension in an EEIOA-based approach and partly wind up in the RME of exports) than an economy with established infrastructure. The size of in-use stocks and of accumulated physical capital influences the size of material flows [74] and therefore impacts the RME associated with traded products.
Due to the assumptions made in calculating RMC in an EEIOA-based approach given existing data constraints, the resulting indicator cannot be interpreted in the same manner as other material flow indicators that are calculated based purely on physical data. In this article, a simple hypothetical input-output model with material extensions is used to illustrate the impact of some of the most common assumptions in EEIOA on RMC results. Section 2 contains the description of the model and its extension and Section 3 presents results for different sets of assumptions in the calculation. The aim is to render the method and the data on which the RMC indicator is based comprehensible and its results interpretable for sustainability researchers and practitioners. The (political) interpretability of the RMC indicator is discussed in depth in Section 4, leading to the conclusion that RMC must be understood not as an extension or a replacement of DMC but as an entirely new indicator with its own potential messages for sustainability.
Exemplifying Possible Differences in Accounting for Raw Material Equivalents
MIOTs are the structural centerpiece of EEIOA. They are organized either by commodity groups or by economic activities and distinguish intermediate inputs and outputs within production from the output to final demand. Final demand can be reported at different levels of detail but usually includes government spending, investments, household spending, and exports. Input-output tables are like the cooking recipes of economies, detailing how much input from each economic activity (or of each commodity group) is required by other economic activities (or the production of commodity groups) in order to produce the specific mix of output required to meet final demand. MIOTs are routinely compiled by the national statistical institutes of most countries as part of the system of national accounts.
In order to calculate RMC-type indicators, the input-output table is extended with one or more vectors containing information on the resource requirements (e.g., material, energy, or land use, or emissions) of the production process. The environmental accounts from which the data for the extension stem are commonly not compiled in the same sectoral structure as the input-output tables. Material flows, which are the focus of the work presented here, are distinguished by material category instead. It is therefore necessary to construct an environmental extension for the EEIOA model based on the available data. In this construction, decisions as to the allocation of material flows to economic sectors have to be made.
In the calculation of the RMC indicators, multipliers are derived through input-output analysis and express the direct and indirect material requirements associated with the production of one unit of monetary output to final demand. The size of these multipliers depends both on the size of the material flows included in the environmental extension and on the size and relative composition of the monetary input and output flows. The latter element is crucial for the interpretation of the RMC indicator because it bases calculations on monetary rather than on physical input-output tables as Leontief [5] originally proposed, which could be transformed into a table in monetary units using a vector of prices. The environmentally extended input-output analysis approach commonly used today in accounting for footprint-type indicators was developed by Leontief to assess the amount of pollution associated with the final demand for two commodities (wheat and cloth) in a highly simplified hypothetical economy. These calculations were based on an input-output table in physical units (yards of cloth and bushels of wheat). In RMC calculations, input-output tables in monetary units are used because the according data in physical units are hardly available [61] .) PIOTs would provide material input data by sectors for EEIOA applications but do not commonly exist [61] . In the following, the assumptions that have to be made as a result of the lack of material flow data reported by sectors are exemplified using both a PIOT-and a MIOT-based approach to calculating RME for a hypothetical economy. The PIOT (which would not commonly exist for real-life applications) is chosen as a point of departure in order to illustrate first what results a physical accounting approach would yield and how the material extension would be pre-allocated to economic sectors in such a case. The MIOT (which would be available and also commonly used for real-life applications) will necessarily yield different EEIOA results because, if no PIOT is available, it has no structural link to the data in its material extension and because the system boundaries adhered to in monetary accounting are different from those physical accounting follows.
In order to make the differences between a physical and a monetary accounting approach visible, RME are calculated for a simplified hypothetical economy (Table 1 ). This economy consists of seven different economic activities: grassland-based, crop, forest-based, dairy, meat, wood, and cork production. The first three are primary activities and extract materials; the other four further process the materials extracted. 0  21  5  93  140  10  5  40  30  344  cork production  0  0  0  0  0  0  8  12  19  39  DE  113  170  116  ------399 Next to the inter-industry input-output relations (intermediate inputs), the domestic and foreign final demand y and the total output x are included in the PIOT. The dairy production activity, for example, requires inputs from grassland and crop production to feed the animals and, at a lower level, uses some of its own production. It also receives substantial input from wood production used in building and maintaining stables and fences. The small input from meat production represents food provided to workers in dairy production. The output produced is mainly for final demand, out of which 40 kg are domestic and 30 kg are foreign (i.e., exports). The environmental extension to this input-output model is a row vector of domestic extraction (DE) by sector. DE is one of the central indicators of material flow accounting (MFA) and encompasses all materials extracted by and subject to further use in an economy (i.e., all biomass from agriculture, forestry or hunting, all fossil energy carriers, ores, and non-metallic minerals from mining). Data are collected in high detail and commonly reported by 45 different material types extracted domestically [75] . Non-market flows such as biomass grazed by animals, used crop residues, and the surrounding rock in mined metal ores are also accounted for because the inclusion of materials as DE is not dependent on their market value. According to MFA conventions, animals, along with humans and artifacts, are considered part of the socioeconomic (rather than the natural) system so that their feed intake from the natural system through grazing constitutes a form of domestic extraction [4, 75, 76] . The inclusion of non-market flows in physical accounting is the result of the system boundary definition, which differs substantially from the system boundary definition in monetary accounting. While in the former, flows are accounted for if they cross the boundary between the natural and the socioeconomic system, the system boundary in the latter accounting system is located where flows obtain monetary value. This difference in the system boundaries means that the physical and the monetary accounting approach may refer to comparable but not to identical systems. One possible response to this difference in system boundaries could lie in using a material extension to the MIOT, which corresponds to the system boundaries of the monetary accounting system. The resulting indicator would cover only a sub-set of the material flows commonly covered by material flow accounting. Existing EEIOA-based RMC or material footprint studies, however, contain all material extraction, including non-market flows, in their environmental extension. This, of course, is highly important in the interpretation of the calculated indicators.
By using a vector of prices (one price for the output of each economic activity), the PIOT can be transformed into a MIOT (Table 2) . Although the MIOT is (partially) derived from the PIOT in this example, the two tables will be treated separately henceforth. The reason for no longer considering them as linked is two-fold: (1) For real-life EEIOA applications, no PIOT would be available and the allocation of material flows in the environmental extension cannot rely on information only available in a PIOT. (2) Due to the difference in system boundaries for physical and monetary accounting, the MIOT can only be understood in part as a direct translation of the PIOT into monetary terms. Market value is a precondition for inclusion in monetary accounts but not for inclusion in material flow accounts. A decision must therefore be made with regard to the allocation of non-market flows in the material extension to one of the market sectors in the input-output table. Next to grazed biomass, illustrated here, the most prominent non-market flows globally are used crop residues and waste rock extracted during mining activities. In 2010, these material flows accounted for 21% of global domestic extraction [77] . In countries where mining and/or animal husbandry play an important role, non-market flows make up more than half of material extraction [28, 77, 78] . In the hypothetical economy, biomass grazed by animals is the output of the grassland production sector in the PIOT but has no direct market value and therefore does appear in the MIOT. For the other activities, the following prices were assumed in calculating the MIOT: $0.30/kg for cropland, $0.36/kg for forest, $1.00/kg for dairy, $10.00/kg for meat, $0.10/kg for wood, and $3.00/kg for cork production.
In the MIOT, grazed biomass is included in the environmental extension and an assumption must be made in its allocation to one of the economic sectors. In Table 2 , it was allocated to crop production. The different possibilities that exist for the allocation of this non-market flow in the environmental extension are presented and calculated in Section 3.
The technological A matrices, which include the coefficients of direct input requirements, can be calculated based on the PIOT and the MIOT by multiplying these matrices with the diagonalized inversion of the vector of total output x. A detailed description and discussion of the calculations required for this type of input-output analysis can be found in the textbook by Miller and Blair [6] . If Z is the matrix of intermediate inputs (see Tables 1 and 2 ), then (1) where is the diagonalized inversion of x. Each entry in the resulting A matrix reports direct input requirements per unit of total output in either kg/kg if the calculation is based on the PIOT (Table 3a) or in $/$ if the calculation is based on the MIOT (Table 3b ). In the latter case, the environmental extension is in kg/$.
While the A matrices in Table 3 provide information on direct material requirements, the Leontief inverse includes the multipliers for direct and indirect requirements. The Leontief inverse L is expressed as L = (I − A) −1 where I is the identity matrix with ones along the diagonal and zeroes everywhere else and A is the technological matrix of direct requirements. The Leontief inverse is derived from (2) where x is total output and y is final demand (for a detailed description, see [6] ). This calculation can be performed based either on the physical (Table 3a) or the monetary (Table 3b ) A matrix. The direct and indirect material requirements associated with a given level of final demand are calculated based on the Leontief inverse (Table 4) with its material extension. Final demand (domestic and foreign) is reported in physical units in the PIOT and in monetary units in the MIOT; the RME of both types of final demand can be calculated by multiplying final demand with the multipliers in the material extension of the Leontief inverse. 
Results Vary Depending on Commonly Made Assumptions
If both the PIOT and the MIOT were available for real-life application, as is the case in the example of the hypothetical economy, no assumptions in the allocation of material flows to the extension of the MIOT would have to be made. The necessary information on the use of physical flows by sector is included in the PIOT. However, because physical input-output data are generally not available for real-life applications, allocation decisions have to be made by researchers constructing the material extension to a MIOT for EEIOA approaches. In order to illustrate the impact of the assumptions on the results, the following calculations are based on the MIOT and not on the original PIOT. Using the environmentally extended input-output model of a hypothetical economy, which was introduced in Section 2, RME results are calculated for different sectoral material allocations.
As was shown in the literature review in Section 1.2, sectoral aggregation has been identified as playing a crucial role in the results of EEIOA calculations. The more highly aggregated the sectors are, the more likely it is that different products and products sold at different prices to intermediate uses and final demand are grouped together, violating the assumptions of price and product homogeneity. RME indicators have been calculated for different levels of sectoral aggregation to illustrate the impact this may have on the results. The RME of domestic final demand are calculated separately from the RME of exports to illustrate how the assumptions result in changing allocations of material requirements to domestic and foreign final demand. The MIOT, if it cannot be derived from an existing PIOT via a vector of homogenous prices [5, 61] , cannot replicate the results of the PIOT. Since the physical and the monetary accounting system refer to different system boundaries, the difference in results they yield must not be understood as an expression of one being correct and one being erroneous. Instead, the difference makes abundantly clear that the indicators derived from physical accounting must be interpreted in a manner altogether different from the one that is appropriate for indicators derived from mixed physical and monetary accounting in EEIOA.
In the initial calculations for a hypothetical economy (Section 2), one assumption was already made in the allocation of grazed biomass to one of economic activities (cropland production) depicted in the MIOT in the construction of the material extension (see Table 2 ). Of course, the MIOT in which such an allocation in the material extension has occurred can no longer replicate the results of the PIOT, which features grassland production as one of its sectors. In the PIOT-based calculations, the RME of domestic final demand amount to 190 kg while the RME of exports are 209 kg. Based on the MIOT with its particular environmental extension, the RME of domestic final demand are lower (185 kg) and the RME of exports are higher (214 kg). Because this and all other assumptions tested in this article consist of equivalence operations, the sum of the material extension (in this case 399 kg of domestic extraction, see Tables 1 and 2 ) does not change but its allocation to domestic and foreign final demand does. The allocation of grazed biomass illustrates that where the MIOT cannot be based on the PIOT, an allocation decision must be made in the material extension, which will have an impact on the results. In existing studies on the RMC, no PIOTs were available [61] so that all material in the extension was initially allocated to sectors based on researchers' assumptions.
Through its inclusion of non-market flows, the PIOT has a higher degree of sectoral detail than the MIOT. Due to the difference in system boundary definitions and the data limitation in the MIOT, grazed biomass is distributed differently than it would be in the PIOT, leading to a difference in the results obtained. In material extensions for input-output tables, non-market material flows are commonly allocated to an existing economic activity, following use logic: For example, grazed biomass could be allocated to the activity that requires it as an input, such as cattle, meat, or milk production [79] . The allocation of grazed biomass as a non-market flow causes a change in the results ranging between +3.2% for the RME of domestic final demand and −2.9% for the RME of exports when grazed biomass is allocated to dairy production (calculation 3 in Table 5 ) and −2.6% for domestic final demand and +2.4% for exports when grazed biomass is allocated to meat production (calculation 4 in Table 5 ). Distributing the grazed biomass to both the dairy and the meat production activity in physically equal shares (calculation 5 in Table 5 ) causes the lowest change compared to the results of the PIOT-based calculation. Of course, if the PIOT were available for real-life applications, none of these assumptions would have to be made. Instead, an input-output table in mixed units (e.g., physical units for material flows and monetary units to more accurately cover services) could be used. In practice, however, where no PIOT is available, the type of assumptions listed in Table 5 are commonly made. The assumption of product homogeneity is more likely to be violated the more highly aggregated a given input-output table is. The World Input-Output Database (WIOD) and a number of national input-output tables, such as Austria's, for example, report all mining and quarrying as one activity [80, 81] and thus group very different products together. Especially for smaller economies with a limited domestic resource base, this aggregated level of reporting may be necessary to protect the confidential data of individual business operations. In such cases, the average price ($/kg) of the output of the mining and quarrying activity is unlikely to be equally fitting for construction sand, petroleum, and gold ore. If metal and fossil fuel mining are grouped into the same category, domestic extraction of waste rock associated with the mining of ore would also find its way into the fossil energy carrier supply chain. In order to make the impact of the level of aggregation (and the associated product and price inhomogeneity) on the results visible, the input-output tables (Tables 1 and 2 ) are aggregated from seven to three activities: agriculture and forestry (grassland, crop, and forest production), food production (dairy and meat production), and wood and cork production.
The results in Table 6 show that the impact of the level of sectoral aggregation on the RME results is stronger than the impact of the sectoral allocation of grazed biomass in the construction of the environmental extension. Of course, if a detailed When it is aggregated to three economic activities, the PIOT allocates approximately 200 kg of RME to domestic final demand (+5.4% compared to the more disaggregated table) and 199 kg to exports (−4.9% compared to the more disaggregated table). If the aggregated MIOT is constructed using weighted average prices based on the aggregated total output of the seven-activity PIOT and MIOT (calculation 7 in Table 6 ), the results are identical to those based on the aggregated PIOT (calculation 6 in Table 6 ). At this level of aggregation, the difference in results that occurred previously due to the allocation of grazed biomass (see Table 5 ) is no longer relevant because grazed biomass is allocated to the agriculture and forestry activity in both tables. If, however, the disaggregated MIOT (Table 2 ) is aggregated to the three activities (calculation 8 in Table 6 ), the results change quite drastically. The RME of domestic final demand decrease by 9.1% compared to the calculation based on the disaggregated PIOT and the RME of exports increase by 8.1%. Important information about the composition of each of the economic activities is lost when the aggregation cannot be based on the relative size of physical flows.
Each assumption on which calculations 2-8 for the RME of final demand were based resulted in a change in the results, not just compared to the PIOT-based calculation, as was to be expected, but also as compared to the other MIOT-based calculations (Figure 1 ). Three sets of assumptions commonly made in the MIOT-based calculation result in a higher RME of exports and lower RME of domestic final demand compared to the PIOT-based calculation:
-grazed biomass as a non-market flow is allocated to crop production as an economic activity (calculation 2), -grazed biomass is allocated to meat production (calculation 4), and -aggregation of the seven-activity MIOT to three activities (calculation 8).
A larger RME of domestic final demand and a lower RME of exports than in the PIOT-based calculation is caused by four assumptions:
-grazed biomass as a non-market flow is allocated in equal shares to dairy production and meat production as economic activities (calculation 5), -grazed biomass is allocated to dairy production (calculation 3), -aggregation of the PIOT to three economic activities (calculation 6), and -construction of a MIOT aggregated to three economic activities based on the aggregated PIOT (calculation 7).
Figure 1.
Variation of raw material equivalents (RME) in kilograms (kg) with changing assumptions. At the center of the crosshairs is the result of the physical input-output table (PIOT, point 1). To the top and left of point 1 are results in which the RME of domestic final demand are lower and of exports are higher; to the bottom and right of point 1 are results in which the RME of domestic final demand are higher and of exports are lower. Points: 2 grazed biomass allocated to crop production, 3 grazed biomass allocated to dairy production, 4 grazed biomass allocated to meat production, 5 grazed biomass allocated to dairy (50%) and meat (50%) production, 6 aggregation to three economic activities, 7 aggregation to three economic activities (calculated from aggregated PIOT), and 8 aggregation to three economic activities (aggregated from seven activity MIOT).
Since all assumptions reflected in calculations 2-8 involve equivalence operations, the sum of the material extension data (399 kg of domestic extraction) does not change although its allocation to the two types of final demand does. In Figure 1 , these results can therefore all be plotted along a diagonal with f(x) = 399 − x.
Implications for Indicator Interpretation
The RME results obtained in the PIOT-based calculation differ from the results of the MIOT-based calculation. In the example presented in Section 3, errors violating the correspondence between the MIOT-and the PIOT-based results were knowingly introduced and could have been avoided or corrected. In real-life EEIOA applications, however, for which PIOTs are not available, such corrections cannot be made. Due to the limited proportionality between the monetary and the physical flows in an economy, the MIOT cannot be interpreted as equivalent to a PIOT, especially for quantitatively large material flows such as construction minerals or grazed biomass. The Leontief inverse based on MIOTs does not distribute material flows in a comparable manner to a PIOT if the assumption of homogenous products and prices is violated, as is generally the case [43] .
The main consequence of what has been shown in Section 3 is that MIOT-based RMC indicators may not be interpreted as though they were PIOT-based. Instead, the logic that the MIOT implies is conceptually most strongly related to the allocation of environmental burden by economic value in life cycle assessment [52] ). While this is obvious to researchers calculating MIOT-based RMC, it is often not quite as clear to sustainability researchers not working with EEIOA approaches and much less so to practitioners and policy makers. The differences between PIOT-and MIOT-based RMC are crucial in explaining why the available RMC indicators might not react to sustainability policies and instruments in the expected manner. For example, higher spending within one category of final demand increases the associated RME. If a high-price version of a product is offered for domestic final demand and the same product is exported in a low-price version, the RME of domestic final demand will appear to be higher even though the required material inputs may not increase proportionally to the price. The indicator may therefore not be able to fully reflect the (potentially resource-saving) impact of the consumption of higher-cost products made with lower inputs [83] . This would be the case if more expensive carbon-labeled products (with lower fossil energy inputs) were produced for domestic final consumption and non-carbon-labeled, less expensive versions of the same product were produced for export.
The calculation of RMC also has important implications for the assessment of resource efficiency based on this indicator. Resource efficiency is a measure of the amount of wealth generated with one unit of material use and is commonly calculated as GDP per DMC. In order to take outsourcing of resource-intensive industries into account in assessing a country's resource efficiency, it is currently deemed more suitable to express resource efficiency as GDP per RMC [25] . GDP, however, is calculated (in the expenditure approach) as the sum of the final demand categories household consumption, government expenditure, capital formation, and net exports [66] . The EEIOA-based RMC indicator is calculated based on domestic final demand consisting of household consumption, capital formation, and government expenditure while monetary exports (including re-exports) represent foreign final demand and imports are included in the RMC if they are directly consumed or indirectly required to satisfy domestic final demand. Because both GDP and RMC include the same measure of domestic final demand (household consumption, capital formation, and government expenditure), these two indicators cannot be treated as independent ex ante, possibly limiting possibilities for statistical analyses of resource efficiency calculated as GDP per RMC.
Finally, RMC is often interpreted such that economies should be held accountable for the environmental impacts associated with their final consumption, no matter where they occur [29] . However, exports not only entail environmental burden but also socioeconomic benefits (in terms of revenue, labor market, and infrastructure developments) associated with their production (see Section 1.1). Wiedmann and colleagues [9] show that the material footprint (term used instead of RMC) of exports was especially high for China in 2008; that same year, exports contributed almost 35% to Chinese GDP [84] . By comparison, in the United States of America, with its significantly lower material footprint of exports, this share was approximately 13%. It cannot be argued that by domestically supplying materials for consumption in other countries, China is striking a deal from which it does not also benefit. Rigorous scrutiny of the (political) message conveyed by the RMC indicator is necessary and must cover the identification of the appropriate addressee: In contrast to standard material flow indicators, the RMC does not reflect activity on a territory corresponding to a defined political mandate. Wiedmann and colleagues [9] indicate that almost one quarter of China's domestic extraction winds up in other countries' RMC. Politicians in the latter countries, however, have no mandate that would allow them to reduce resource use associated with production in China.
Conclusions
The RMC indicator, as currently calculated in MIOT-based approaches, provides a measure of the material flows to which reported monetary flows correspond based on several key assumptions: The RME of imports of country A are those material inputs, no matter where in the world they occur, that have been distributed (via allocation in the environmental extension) alongside monetary flows in the global production system that were required to produce the monetary imports for final demand of country A, assuming that each economic sector in country A and in all of its trade partners produces only one specific product that is sold at the same price throughout the production system and to different types of final demand [15] .
The RMC thus provides a different perspective on the overall size of an economy compared to GDP as a purely monetary and to DMC as a purely physical indicator. GDP has little direct explanatory power for environmental pressures and is still under development in important regards such as accounting for informal economic activity. DMC seeks to represent domestic production structures and material use on a specific territory but is unable to capture the impacts of the increasing fragmentation of global supply and use chains. RMC was developed in an attempt to respond to this perceived short-coming of the DMC indicator.
In the scientific quest for a robust indicator of the size of an economy that can be interpreted in a meaningful way to gauge that economy's sustainability, the RMC is a relatively new attempt to offer information that previously existing indicators (in this case, the DMC) could not cover. The RMC, as an indicator reflecting both monetary and physical developments, cannot, however, replace the DMC. Next to the scope of information offered by each of these indicators, a very promising future research endeavor will lie in analyzing DMC and RMC in relation to one another: How do countries' patterns of trade and consumption change when not only material flows but also monetary flows are taken into account? What does this relationship tell us with regard to drivers of material use? Are the same drivers at play in different countries? In answering these and related questions, important advances in not only monitoring but understanding what drives material use can be made. The latter is a precondition to conceptualizing and possibly implementing a much-needed transition towards greater sustainability.
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